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ABSTRACT

_ .Over"the past 20 years, a number of non-chemical roadwey and bridge deicing
.systems have been installed in various parts of the United States, Various forms of
. heating have been incorporated in these systems and include steam from power plants,
eleetricity, fossile fuels and hot water from natural springs. The reported performance
and cost experience of these systems. was studied and compared w.ith the predicted per-
formance and cost of a nucleaf'system using the decay heat of fission products and that
~of a system using the stored heat'in the earth itself.
"Expe:‘cience -ha.é shown that delicate in-pavement heating elements are subject to
early failure. Good engigeering practice dictated that,in order to obtain a high system
| reliability for severe operating environments, sufficient redundancy had to be provided
to permit random failures fo occlir without impairing system performance. Furthermore,
the ecological implications of the systems evaluated were considered.
" Based upon these consideratione and those of coet, a highway heating system
using natural earth heat was seleected for further stﬁdy. This system will be augmented
by nuclear fission pfoducf: heat or by solar/ambient heat for special locations where

. natural earth heat is insufficient to supply the required energy. '
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' I, PROBLEM DEFINITION

A, - Introduction

In spite of current public resistance which seeks to slow down the development
of nuclear poWer because of environmental issues, the fact remains that, on balance,
nuclear power is far less destructive of the natural environment than fossile fuel plants.
When this becomes generally recognized bﬁ the public, the emph-asis will shift towards
nuclear power and the estimates used in this study for detei‘mining the availability of
nuclear waste are quite likely to be conservative.

Fission products (nuclear wastes) are a by-product of fuel reprocessing plants
and must be disposed of in a safe and acceptable manner. This is a major problem to
the nuclear industry. Currently, the West Valley, New York, facility is storing the
waste as a 1iqu_id in double Walied ’_canks. These tanks must be abandoned .every ten
years for safety coﬁsiderations, and tﬁe waste must be stored in new tanks. Alternately,
the General Electric Company, at its new Morris, Hlinois, reprocessing plant, plans
to encapsulate the waste (affer a 5-yeér cocling down period) and store these encapsulated
wastes in abondoﬁed salt mines.

The concentration and encapsulation of wastes affer é.n initial holding period
é.ppears to be a practical solution to the long-term storage problem. The long-term
solution to the disposal problem ié stiii undef evaluation. This study considers the
long-term storége of wastes at crﬂ:ical highway interchanges and the utilization of the
decaj heat for roadway‘ deicing‘;l Basic assumptions used in this study are:

1. 'fhe fuel reprocessing facility will supply concentrated, encapsulated

nuclear waste to the designated highway site at no cost.

I-1
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2 Responsibility até"the site will be transferred to the highway system.
This responsibility will include the safe and acceptable storage of the
waste and the responsibility of ultimate disposal should this become
necessary.

The heat generated by nuclear waste cannot be controlled. This heat must be
dissipated continuously in order to avoid excessive temperatures. in the nuclear waste,
In order to utilize this heat effectively for highway deicing, heat generated during the
summer and during times of no demand must be stored. The identification of an

effective and economical storage method is an important part of this study.

B. Interchanges

Interchanges vary in size and ebnfiguration from location to location. It is
impractical for a comparative study between various deicing systems fo design, even
in conceptual form, individual Systems for individual interchanges. A typical interchange
was therefore selected. For this interchange-~the steel beam bridge over Baltimore
County beltway--a complete sét of plans including test borings were obtained from the
State Road Commission, State of Maryland. The location was conveniently situated to
permit periodic inspections and measurements. This instailation has an access ramp area

of approximately 67, 200 ftz, which appears to be average.

C. Selection of Heat Flux and Energy Requirements

The specified design of a highway deicing system depends not only on the size and
nature of the interchange but élso on the nature of the winter climate and the system design.
The power demand depends upon:

1. Wind Velocity

1-2
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2. Temperature

3. Rate of Snowfzll

4, Type of Operation--i, e., continuous heating or intermittent heating
5. Operating Temperature of the Pavement Heating Elements
The annual energy requirement depends upon_:A
1.  Annual Deg_ree Days Below 32°F
é. Type. of Operé.tion--i;e. s continuous or intermittent
3. Operating Temperature of the Pavement Heating Elements
4.  Average Winter Wind Velocity

5. Number of Ahnual Snow or Icing Days .

In order to define the climatic variables two representative'locations were chosen.
Baltimore was chosen to repfese_nt a lﬁoderate climate location; and this furns out to

be fairly representative ior the major East Coast cities su_ch as Wash_ington, Philadelphia,
New York, and Boston. Binghamton, New York, was chosen to represent a severe
climate--one which would be representative of inland eastern cities.

Finally, for the purpose of making # system comparative study, it was assumed
that the power demand wou.ld be limited such that, during 90% of the time, complete and
immediate snow removal would be aecomplished. During the remaining 10% of the time,
where, for example, the snowfall was 3 inches per hour and the wind v.elocity was 40 mph
with a OOF ambient, snow melting would occur at the rate of 1'" per hour. Note that,
even for this extreme case, the roadway surface beneath the snow cover would remain

free of ice and removal of the cover by conventional means without the use of salt would

be easy, In any event, given sufficient time, the systém would eventually melt the snow

cover under this severe environment.

www . fastio.com


http://www.fastio.com/

D. Tuture Availabilify of Nuclear Waste Heat

Estimates of future nﬁclear power generation in the United States vary and are
modified periodically. Figure -1 presents the most current estimates. The AEC
CONF-GG0208, February 1966, data was used in this study. The nuclear waste gen-
erated as a result of this power production is presented in Figure I-2. This data
indicates that by 1995 approxi#natel& 800 thermal megawatts of waste heat would be
available, the latest of which would have been discharged from the reactors in 1994.
For purposes of simplicity of system design and using data made available by the
General Electric Company, a five~year decay period was permitted before the
encapsulated fuel was made available to the highway system. This additional decay
period reduces the nuclear waste heat made available for highway heating by about a
factor of 8.

Although, as indicated previously, these estimates will probably prove conser-
vative, the fact remains that the available nuclear waste heat is limited when expressed
in terms of total demand for highway heating systems., This study, therefore, directs
attention to utilizing this limited heat availability most effectively. For example, by
designing a storage system with a conservatively estimated efficiency of 50% the number

‘of installations to be served can be increased by a factor of 6, Furthermore, by using
the earth as a natural storage system and recognizing that the earth has a tremendous
amount of natural energy, waste heat may be used to augment this heat in special
situations. A 10% augmentation would pernﬁit the number of installations to be served
to increase by a factor of 10. Using earth heat and earth storage, it is conceivable that
the total number of installations that can be served with thé available waste heat can be

increased by a factor of 50.
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FIGURE I-1: PREDICTED TOTAL T.S. NUCLEAR POWER
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FIGURE I-2: CUMULATIVE FISSION PRODUCT WASTE
HEAT AS A FUNCTION OF CALENDAR YEAR

800 o

Note: Fuel Available Following 1 Year Cooldown
After Core Discharge

700 T

600 T

500 T

400 +

300 T

Fission Product Waste Heat ~ MW (t)

200 1.

100 +

0 (] ) 1 - i - (!

] ) T T Y
1971 1976 1981 1986 1991 1996
Calendar Year

I-6

ClibPD www . fastio.com


http://www.fastio.com/

11, FUNCTIONAL SYSTEM SPECIFICATIONS

The following list of functional specifications was used to guide the system

designer during this conceptual phase:

. A, Safety

Tile systérﬁ S‘hé.].]. .inc‘u:)r‘c-we th; sa;fety and dépendabﬂity of highway travel, Once
the systelm is implemeﬁted flﬁe xnotori;st wﬂl learn to V‘depend on it‘. Uniess the s;ystem
can be demonsti‘ated to have a- hlgh degfee of reliability, the motorist must be protected
ag;aiﬁst the hazards iﬁ£roduced by; system faﬂﬁre. This protection may be in the form of
visual warning signs which light up when a system failure has occurred.

The system "of itsz,alf"Am'us't be safe, This applies particularly tq the nuclear
system whére the primary dar_lge-r to be proi_:ected against i8 the release of fission
products to‘ the earth and/ ér a;,mbient envircnments,

B. Reliability

The system shall be designed so that the failure of any one element shall not
make the entire system inoperative. Ideally, the system should be redundant, simple
and inherently reliable.

. C. Ease of Installation

The system should be easy to install, preferably, with personnel and equipment
common to current highway construction practice.

D. Economy

The operating and installation costs of the system should be as low as possible
consistent with the requirements of safety, reliability, and installation requirements.

The system should require no maintenance or, at the most, it should be simple to

ClihPD www.fastio.com
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maintain, The cosis bf the S;:stom must be justified by the properly asscssed costs
of improved highway safety, reduced highway maintenance, increased reliability of
the {ransportation system to the motorists, and any reduced maintenance costs
accrued to the motorist,

The direct operating costs of the system are determined by the cost of energy
and by the cost of labor and materials required to maintain the system. The costs
associated with maintenance must be determined by‘ actual experience, although general
estimates can be determined by system complexity, costs of subelements of the system,
and the ease of replacing parts and components.

The Iadirect operating costs of the system are determined by system useable
life. A system with a useable lifetime of five years would incur an additional yearly

opera‘ciﬁg cost of at least one-fifth of the installation cost. This assumes that the

entire system requires replacement on one hand but does not consider removing the

old pavement prior to installing a new system should this be required.

1I-2
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IIIl.__SUMMARY OF RESULTS OF STUDY

A, Summary Chart

Results of the Phase:'i{ comparative study are summarized in Tables II-1 and III-2,
Data (Table III-1) for systems 1 through 7 were obtained from literature. For these sys-
tems, average costs were used when severai varying costs were reported. No attempt was
made to consider increased current material and labor costs for those systems constructed
years ago.* Also, the syStems were not normalized for one climatic condition. The
reportéd values for systems 8, 9, and 10 (Table III-2) are based on cost analyses o_f
conceptual designs for a selected iﬁterchange and a selected ambient environment.

Estimated system useful life is based on reported experience for those systems
which have been constructed and tested. For systems 8, 9, and 10 the guideline for
reliability (see functional requirement II-b) was used in the conceptual design. Life of
tIrl»ese systems was estimatéd consic;ering experience on related éystem elements and upon
the ability of these systems to tolerate random failures without impairing system function.

The data for systems 8, 9, and 10 are an average for systems designed for a
moderate climate (Baltimore)} and those designed for a severe climate (Binghamton).
The ability of the eartﬁ fo recover its heat during the summer months for the Binghamton
climate (system 8) may be marginal, and some form of augmentation such as nuclear or
solar/ambient may be required. For system 9 the entire annual energy requirement
was assumed to come from nuclear waste, whereas a significant portion can actually
come from the stored heat in the earth.

The cost data are presented in terms of both operating and capital costs.

*As reported by the Federal Highway Admxmstratlon, the Highway Construction Price
Index has increased 423% since 1958,

-1
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tAbsolut:e yearly costs are cal éulated by dividing the capital costs by the estimated life-
time and adding the annual operating costs. No allowances are provided for the cost of
money. (Calculations indicate that this refinement does not materially effect the relative
costs and may be subject to questionable assumptions. }

Some inéonsistencies in the cost data are evident. For electrical systems 2,
3, and 4 the reported operating costs are significantly lower than.that calculated for
system 10. The operating cost for mechanical/chemical snow removal methods is based
on average report costs for all roadway surfaces for Maryland and Vermont. Costs for
interchange snow and ice removal would be considerably higher and are estimated to be

20 cents per square foot per year for a capability comparable to an automatic system.

B. Conclusions

Although several roadway heating systems have been constructed duri ng the last

15 years, none can be considered general solutions for a variety of reasons. The major

‘reasons are:

1. Poor reliability
2.  High costs

3. Restrictive heat sources; i.e., natural
hot water springs, commercial steam

A few systems failed because of poor or improper design. Applying more restrictive
construction practices, improving individual component reliability, and correcting poor
design practices may improve these systems; but it is doubtful whether it will change

this conclusion,
The system and system combination which is the most attractive in terms of cost,

reliability and general applicability is system 8 augmented, where required, by nuclear

II-4
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or by a natural 1‘1eat‘so.urée Tsuch -é.s éolar or the énvironment. Although this sysi;em has |
not been constructecril, snow removal usmg the natural heat of the earth has been demon-
strated (Reference IiI—l).l The deéig’n and'the broblems as'sociated with application of
this design fo the selected typical intei‘chané;e have been investigated. It must be recog-
nized that specific interchanges, bridges, and highway pavements may represent new
problems for é.ny system and, as such, may require some component redesign for the
intended application. AI bfief study of special cases was made, and it appears that the

selected sysiem is flexible enough to handle most problems without major design changes.

C. System Selection and Recommendations

The system selected for further detailed design and for application to highway
deicing and .snow removal is defined as follows:

1. The heat source and stérage is natural earth.

2. The heat transport is by heat pipes suitably arranged to make the
required volume of earth available to the roadway surface.

3. The heaf distribution in the pavemeni is by heat ﬁipe mats which
also act as reinforcement mats.

. 4. The heat control is by a simple temperature sensing valve which

maintains the roadway surface ahove 32°F at all times. |

5. Augmentation of earth heat required for severe climates and special
situations is by:
a. nuclear wastes heat’
b. : solar energy 7
c, ambiept energy

d. a combination of any two or all of a, b, and c.

oI-5
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The technologies of earth heat exchangers, heat pipes and highway heating for
purposes of deicing and snow rerﬁoval are relatively new, The techniques for handiing
fission products are established for controlied, in~plant processes. Techniques for safe
handling and storage of the large quantities of relatively low speciﬁc activity nuclear
waste for highway deicing and snow removal remain to be established.

During the conceptual phase of this study, cerf:ain assumptions were required
which were based upon available data and theoretical calculations and are thought to be
conservative. It is quite possiblé that the suin total of all assumptions resulis in a
design which is overly conservati:ve. During Phase II detailed design, further refine-
ment of these assumptions will result; however, good engineering practice dictates that
certain experimental and associafed analyticz;.l work be accomplished prior to establishing

. the final construction plans for a specific installation. The following exper:imenta.l/analytica.l
work is recommended:

1. Coﬁstruct a concreté slab of suitable size and suitably located which

incorporates a heat pipe mat and cal-rod heaters which can be
individually controlled. Meas.ure temperature, wind velocity, snow
and rainfall, Conduct natural and artifiqial icing experiments under
appropriate conditions, and measure. power and energy demands as a
function of heater spacing. Correlate power and energy requirements
to ambient conditions.

2. Construct a concrete slab of suitabie size and suitably located which

incorporates a heat pipe mat and heat pipe earth heat exchanger.
Obtain measurements, as in-(l) above, and visually and by measure-

ment determine system deicing and snow removal performance. This
II1-6
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slaﬂo can be constructed in close proximity to the electrically heateci
slab () above,

j 3. Having détermined experimentally and analytically the heat pipe é.nd.
heat pipe mat configuration suitable for deicing and snow removal,
simulate this design on the Department of Transportation Traffic
Simulator or an equal in order fo obtain accelerated life test data.

4. Evaluate the several most promising temperature sensing valves
which x_na.y.be inserted internal to the heat pipe, choose the niost
promising, construct it and performanc;e test it.

5. Evaluate the several most promising systems for pumping summer
heat down into the earth reservoir, choose the most promising,

construct it and performance test it.

Note that several additional investigative efforts are identified in this report.
Improvements in concrete cover conductivity will benefit any low temperature deicing
and snow removal system, Although a number of investigators have made measurements

of concrete thermal conductivity as a function of composition, moisture, density, etc.,

“n0 work has been done to investigate methods by which the conductivity can be improved.

Although this and the several other investigative areas suggested will receive attention
in due course if the system recommended by this study is implemented, their investigation

at this time is not required in order to permit the construction of a prototype interchange

" installation.

For the above system, investigation of an automatic ice sensing system is not
recommended. The selected system operates to keep the roadway surface jﬁst above

32°F at all times. Although the heat penalty is thought to be significant, the gains

‘achieved in safety are considered to outweigh this disadvantagé.

-7
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IV. DESCRIPTION OF SYSTEMS STUDIED

This section presents details of the systems that were studied along with a

- comparison of the systems on the basis of relative costs, reliability, safety, and

ease of installation. Table IV-1 shows the comparison of the systems which are

tabulated in descending order of their relative ratings,

A, Nuclear With Earth Storage

1, System Description

The nuclear s_ystem derives its energy from fission product decay
(Figures IV-1, IV-2, and IV-3). Capsules containing the fission products
are placed in shielded tanks that contain a heat exchanger fluid. The fission
product decay heat is fransferred to the fluid by conduction. Electric motor
driven pumps circulate the fluid through buried distribution pipes to the soil
below the roadbed. Heat pipes transport the energy from the soil in the
proximity '6f tht_a distribution pipes to the roadbed. During summer months,
the energy'is stored in the soil below the soil below the road surface (the
heat pipes will not pump heat to the higher surface temperature).

There is a particular advantage to_the nuclear system in combination
with earth storage. Even with 50% losses (conservative estimate) associated
with low temperature storage and retrieval, fewer capsules are needed for a
given installation than would be the case if the system were designed on strictly
a demand basis. " This is because the fission product heat production is deter—
mined solely by natural radioactive decajr. It is not pos.éible to turn the heat

production on and off. In a demand system, sufficient capsules must be

Iv-1
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Thermal Valves
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FIGURE I1v-3
SCHEMATIC REPRESENTATION OF NUCLEAR ENERGY DEICING SYSTEM
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provided to meet the peak demand; When the demand is lower or zero, the
same amount of heat is étill provided by the capsules. In the storage mode,
with continuous energy Storgge, the number of capsules for a given instal-
lation can be reduced to one sixth of the number required for a demand system.

It is more econoz;mcal to buiid a central shielded containment tank
for a large number of ca:psules, rather than a number of smaller tanks. The
breakover point was not determined.‘ However, for a typical large interchange
connecting two multipie.'lane expressways, a reference model was treated in
which 8 ramps having a total surface area of 67, 200 square feet were considered
as having a nucleér earth storz;tge S‘ystem._ A single nuclear installation was found
to be more economical in comparison to the multiple shielded storage tank ar-
rangements despite the shorter disti'ibution lines required.

There will be safety provisions needed with the nuclear system. In this
present study, concreté-shielding wds provided on all sides of the primary con-
tainer and a double container liner was supplied. Emergency heat dumping was
provided for by a tempe;rature controlled heat pipe system to protect against the
possibility of electrical faﬂu.re on the operation of ‘the field-distribution pumps
or mechanical failure of the pumps. | |

The main resiriction in this éystem is the limited quantity of fission
products avz;ilable; and, therefore, a small number of critical highway instal-
lations can be served. The projections of Table IV-2 are based upon the
nuclear system supplyiﬁg all of the energy. They are conservative on two
points:. (1} they do not consider a contribution from natural earth heat; (2)

a 50% storage/recovery efficiency is postulated which is probably low.

IV-6
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TABLE 1IvV-2
NUMBER OF TYPICAL INSTALLATIONS

Year Storage No Storage
1985 156 26
1990 378 63
1995 720 120

The heat pipe system utilizgd with the nuclear energy storage mode
would be adequate without nuclear energy to supply deicing in moderate
climates. In severe climates, where the recovery of the earth heat sink is
less than 100% during the summer, nuclear energy would provide one logical
mode of augmentation to supply the energy needed for 100% recovery of the
heat sink, The amount of augmentation needed would probably not exceed
25% of the total, even in the most severe climates. If the nuclear sources
are considered as auxiliary sources,providing from 10 to 25 percent of the
total energy required, the number of installations would be increased as is
shown in Table IV-3,

TABLE IV-3

NUMBER OF TYPICAL INSTALLATIONS (STORAGE MODE)
WITH NUCLEAR ENERGY AUGMENTATION

Year ' 10% Augmentation : 25% Augmentation
1985 ' 1560 624
1990 , 3780 1512
1995 7200 2880
2. "~ System Cost

Installed costs for nuclear heat sources were determined for various

heat outputs and for loss of cooling temperature rises of loF/hr and 4°F/hr.

IV-T7
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A double wall contaimﬁent was deSigned aﬁd ‘iﬁclud_ed in these costs. This
double containmenf feature might be required by the AEC to provide safety
margin to protect against loss of coolant. The resulis of this study are pre-
sented in Table IV-4, )

_ TABLE IV-4
COMPARATIVE INSTALLATION COSTS

No. of Capsules 1°F/hr 4°F/Hr
1 $ 9,250 o $ 6,870

2 11, 400 7,730

4 14, 400 9, 360

8 19, 300 11,400

10 21, 500 ) 12, 400

25 o 33,900 17, 700

50 51, 500 24,700

100 81, 400 36, 000

150 - 108, 000 45, 300

Each capsule has a po‘;ver output of 1.5 KW Therefore, a 100 capsule system
has a power output of 150 KW, and this is the power level (with allowances for
fission product decaj) required for a typical interch.ange in a moderate climate,
This study demonstrafes that each interchange should have a single nuclear heat
source rather than multiple smaller heat _sourcés ;iistributed around the
inferchange.

The costs of fhe installation tabulated above include the complete nuclear
source container. The distribution system, consisting of pumps and fiuid lines
will cost between $1.10 and $1. 35 per square foot of highway. The heat pipe
system to transfer the heat to the roadway would cost about $4. 50 per square

foot. The total installed cost for an earth-storage nuclear system is therefore

1v-8
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approximately $7.00 per square foot, The operating costs associated with the
system are very small and consist of the electrical power for the pumps and
annual maintenance to the equipment. Based on 16 years minimum expected

lifetime, the cost per year of the system is about $0.47 per square foot.

3, System Assessment

This system is more expensive than the Natural Earth Heat Pipe system.
It is a logical choice for locations where severe conditions would make a natural
heat pipe system marginal, With its very low operating cost, it would be

especially attractive to State Highway Departments where the prorated operating

cost over the expected lifetime of the system is about five cents per square

~ foot per year.

Natural Earth Heat Source

wvvwfastio.com

1. System Description

This system utilizes the natural heat energy of the earth as a source.
Heat pipes transport the energy to the highway surface. This is a passive
system with no operating costs. It is the most practical system for the major-
ity of highway applications., Figure IV~-4 s_hows plan and elevation sketches of a
typical heat pipe installation.

Figures IV-5 and IV~-6 show symmetrical and asymmetriéal heat pipe
earth heat exchangers for ramps in a typical interchange for moderate climate
(Baltimore) and severe climate (Binghamton), The annual energy requirément
in Baltimore is 26,000 BTU/year _ftz and in Binghamton 132, 000 BTU/year ftz.
The heat pipe patterns shown provide sufficient earth volume to supply the total

energy requirement (permitting a 10°F maximum drop in earth average temperature)
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FIGURE IV-4
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for the representative interchange. Complete summertime temperature
fecovery for either pattern for Binghamion might be marginall. Analytical

and experimental data éhow that, for a 30°F drop in earth average temperature,
summertime recovery of a 20' x 75' by 14' deep block is complete, whereas

the recovery of a 20' x 75' by 24' deep block is about 82%.

2. System Cost

Cost of the heat pipe installation includes the cost of the heat pipes
themselves, installing them in the ground, and the emplacement of the pipes
in the concrete. The field operations are not unusual fo current construction
practice and will not present any major new problems to highway contractors.
The heat pipes will be assembled at the factory and delivered to the site ready
to install. The heat pipe and thermal valve represent 44% of the cost; the

hole and emplacement account for the other 56%.

3. System Assessment

The heat pipe system is the most economical, based on prorated lifetime
costs. There are no annual operating costs, and the units are inherently reliable
and safe. Because the system is designed to rﬁaintain the highway pavement
above 32°F at all times special ice sensing equipment is not required. In
addition, the system operates at a relatively low temperature-—that is, the
ambient temperature of the earth-~therefore it lends itself dir:actly to efficient

energy storage by alternate energy sources such as nuclear waste heat,

Electrical With Heat Pipe Mat

1. System Description

In this system (Figure IV-T) the electrical energy is applied to high-

IvV-13
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reliability heater cartridges, which are installed in the ends of heat pipes that
distribute the heat to the pavement. Conceptually, it appears feasible fo arrange
the heaters for field replacement, should this become necessary. The advantage
of this system is that the electrical lines and elements are not embedded in the
roadway, thus eliminating many of the previous causes of failure in electrical
systems either as a result of installation or as a result of.corrosion.

The heaters would be arranged in separate circuits so that elecirical
failure to one bank of units would not completely cut service to an entire section
of pavement. A high voltage system is favofed (220 to 440 volts) in order to

reduce conductor cost and transmission power loss,

2. System Cost

Installation cost of this system has three componenis: the heat pipes,
the cartridge heaters, and the electric distribution system. There is also an
annual operating cost. The installation of this system is similar to that for the
shielded wire electric system in regard to ice sensing inétrumentation, electric
lines, ete, The same cost ($4 per square foot of highway) is applied, plus the
cost of heat pipes and sealant 'forlthe cartridge heaters ($2 per square foot of

highway). The electrical costs are derived as described in section V-H.

3. System Assessment

The system offers a much better reliability than systems which have
heater wire embedded in the highway pavement. The cartridges are high
reliability units, and the mode of installation provides a good assurance of

protection from environmental effects. Because of the improved life expectancy

IV-15
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the prorated cost is lowéi' than for the wire in pavement systems, giving this

sysiem a superior evaluation.

D. Mechanical/ Chemiecal

1. System-Description

This system is the major one in service today., It entails side effects
that are not possible to assess. The snow plow damages roads by mechanical
action. The adverse effects of salt on the pavement have been under investigation.
(The corrosive effects of salt on public automobiles is well known.) The steady
application of large quantities of salt into the local environment is a matter of
concern and is also under investigation.

It is difficult to assess the actual cost of this mode of removal because
there are maintenance, administrative, and capital cost depreciation expenses
that cannot be separated out easily.

In operation, the presence of traific complicates the problem of plowing
or salt spreading (Figure IV-8). This becomes an acute problem on access
ramps, if a vehicle is stalled with a stackup in back of if. The show removal
equipment also suffers breakdowns, and a disabled plow results in an extraor-

dinary delay in opening a road.

2, System Cost

It has not been possible to obtain meaningful cost data for interchange
snow and ice removal. Estimates range from 1 to 30 cents per square foot per
year. It has been proposed that two men and a plow stationed at a troublesome
interchange during the winter can provide the equivalent capability as an auto-

matic deicing system. Assuming this to be true, a labor cost of $15/hour for
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Because the snowplow and
salt-spreader are well known,
they will not be shown as a
system schematic., Instead,
the ramp problem is shown.
B
2 2
= =
B &
0w z
‘ Westhound
; Eastbound
! The inner loops can be The 8 ramps might
handled easily assuming average 700 to 1000
| there are no stalled feet in length and 12
| vehicles. feet in width.
: . The outer ramps require Although the interchange
: either a throughway cross- ramps are only a mile
over or travel o the next to a mile and a half of
| exit. roadway, they present
problems fo mechanical
; removal or salt spreading.
FIGURE IV-8

MECHANICAL/CHEMICAL
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a period of 1000 hours “ir.ould represent an annual cost of $15, 000 per interchange
(22 cents per square foot for the typical interchange selected for this study).

This time may be excessive for moderate climates (Baltimore has approximately
6 days snowfall per year) and may be inadequate for severe climates (Binghamton
has about 36 days snowfall per year). Adding to this basic labor cost, the costs
for equipment depreciation, materials, and the added cost of maintenance due to
chemical damagé to thel pavement, several cents per square foot per year may be
added. On the above basis, an annual cost of 30 cents per square foot appears

reasonable for a comparable manual snow and deicing capability.

3. System Assessment

There is ohly one hasis for comparison of the mechanical/chemical
systerns with the automatic systems, and this is cost. If a weighted number
of 30 cents per foot square is considered realistic for mechanical/chemical
systems, this cost is equivalent to the prorated lifetime cost of the Natural
Earth Heat Pipe System. On this basis alone, the choice would favor the
automatic system. It is a well~established fact that decisions made in the
past to automate mechanical processes have resulted in further rapid improv.e-
ments in performance and cost over those estimated for the first prototype

system,

E. Shielded Electric Wire

1. System Description

In this system, shielded resistance wire is embedded in the roadway

(Figure IV-9). Voltage used in typical installations is 240 volts. The system

Iv-18
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FIGURE IV-9
SHIELDED ELECTRICAL WIRE
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is generally satisfactor; in snow melting. It requires a control system to
turn on and off; otherwise the operating cost becomes prohibitive.

The system is subject to damage from a number of sources. It is
vulnerable to breakage during installation of the roadway. During service,
corrosion and shear stresses are encountered; and, as a result, water seeping
info the insulation causes short circuits, open circuits and grounds.

A system in Salem, Oregon, operated from 1953 until 1960, at which time
darnage and degraded performance were observed. The system was abandoned
in 1963 due to unserviceability. This system consisted of 1/4-inch lead covered
resistance cable buried 2 inches deep in the pavement and spaced from 4-1/2 to
1-1/2 inches, (Closer sphcing under wheel tracks.) Ii had aufomatic control,

The installation covered 12, 450 square feet and required 150 KVA at 204 volts,

2. System Cost

Cost data report;e‘d for the system were obtained from the literature.
The instailation cost of $4 per square foot of highway is low, bécause costs of
materials and labor h'avé climmbed steadily since the data were reported, The
operating costs are based upon reported values, rather than the current rate

structure reported in section V-H,

3. System Assessnient

Experiments in i:he application of heat to highways by electrical means
showed that the general 'approach is technically feasible. Operating costs are
high; and the systems are susceptible to wire breakage due to concrete cracking,

and to shorting due to moisture,
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Fossile Fuel Heat Source

1, System Description

| This system utilizés gas or oil fired furnaces with boilers, and/or
surge tanks, and pumps fo produce either the required electric power or
source of heat for the transport liquids.

In this sfudy, we have considered the fossile fuel source as a fluid
heater (Figure IV-10) not as an electrical energy producer. The fuel is
supplied either from mains or tanks.

This type of system requires maintenance and is susceptible {o
failure at a critical time in the snow season.

The implications of adding to air pollution have not been evaluated but

would be a factor in planning this type of system.

2. System Cost

One~third of the installed cost for this system is that associated with
the field piping aﬁd its associated trenching; the other two-thirds of the installed
costs represent the plant, boiler and feeder pipes. The reported operating costs
of two cents per squa.i'e foot provide fuel but not maintenance and stationary

engineer services.

3. System Assessment

The system is rated relatively low, because of its relatively high pro-

rated cost and low reliability.

Infrared

1. System Description

The infrared heat source system (Figure IV-ll) can be powered either by
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This type system is greatly improved from a maintenance standpoint,
if an ample quantity of isclation valves are included.
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FOSSILE FUEL HEAT SOURCE
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electricity or by fossii;: fuel, It is not well adapted to mounting close to the
roadway. If it is mounted at the side of a road or a bridge deck, there is a
considerable disadvantage to beaming the rays across the roadway because
of intensity variation. If the units are mounted above the road, the support
structures are extensive because they must be placed at a 23-foot height so
that vehicles that halt beneath them will not be damaged. "Because the
intensity of the beam (on the centerline of the unit) decreases as the inverse
square of the _distance,_ the units require close spacing and a large amount of
energy. (To provide 100 BTU/ ftz to an area 100 x 54 feet, 70 units, 23 feet
high, are needed, each producing 48,000 BTU.)

An infrared system must be turned on before snc:w accumulates,
otherwise reflection from the snow makes the energy unavailable to the
roadway.

The gas fired units produce the most satisfactory wavelengths for heat
absorption in the concrete, and there is less of a problem with the reaction of
the unit to precipitation.

A variation of-‘the infrared system has been proposed, but not tested,
for bridge deck application. The units wouid be mounted beneath the bridge
structure. This type installation eliminates many of the disadvantages of the

overhead installation and would have a lower installation cost.

2. System Cost

The infrared system is expensive to install and to operate.

3. System Assessment

The one advantage of the system is that it can be installed without

1v-24
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disturbing the highway pavement, The below-deck application in bridges
deserves additional evaluation. However, with the narrow space available
under the bridge deck, the range of the unit will be restricted. If the units
are moved further away, the same disadvantages of cost reported for the

overhead installations will be created,

Bare Eleciri cél Wire

www fastio.com

1. System Description

Tﬁis system (Figure IV-12) utilizes wire mesh as the electrical resis-
tance element. It is not suitable, generaily, for emplace;ﬁent in concrete; but
it has been applied to asphalt roads. It is a low voltage (40 to 50 volis) sysiem,
which results inllarge power losses unless feeder lines from t{ransformers are
short. It is very susceptible to mois;cure damage; aI}d, unless it has an on-off

control system, the operating costs are excessive.

2. System Cost

The cost of installation reported for this system is relatively low, as
is the operating cost. The life expectancy is short. It is believed that the
costs, based oh current prices, would show the cost of this system to be closer

to that of the shielded wire system.

3. System Assessment

This system is especially susceptible to damage by concrete cracking
and by moisture, Considerable care is recommended by manufacturers of the
wire mesh during installation to protect the elemenis from breakage. Manu-

facturers also express great concern for adequate drainage to avoid contact
of the mesh with freezing water.
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1. This system is applicable to asphalt roadbeds.

2. The system operates on low voltage (40 to 50 Volts) so line losses can be
significant unless lines from step down transformer to road are short

FIGURE IV-12

BARE WIRE ELECTRICAL DEICING SYSTEM
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V. TECHNICAT: DISCUSSION

A, Maximum Power and Fnergy Requirements

The maximum power that must be supplied by the heat source is dependent upon
the following factors:
1, Prevailing climatological conditions (geographic location)
2, Classification of snow and/or ice prevention éystem
' employed
a. Complete melfing of snow as it falls or ice as
it forms on the roadway.

b. Prevention of snow freezing to the road surface.

¢. Prevention of prefex:entia.l icing of critical surfaces.
3. Temperature of the heat|source employed - transport losses

As an example, conventional systems using circulating
fluids generally operate sbove 150°F and, consequently, expe-
rience back losses to the earth of as much as 30% of the total
heat required for melting. In comparison, a system using

natural earth as the heat source experiences essentially no

losses.

Nominal power requirements have been established for the three classifications of

systems taking into account factors 1 and 3.

1. Total Snow Melting and Deicing
Power requirements for the melting of snow, without allowing any
accumulation, have been established for the entire U. S. by Adlam (Refer-

ence V-1). For the states being considered, depending on the location of
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the instaliation, the' powé_;' requiremé;lt corresponds tc melting snow falling

at a rate of 1. 5~3. 0 inches/hour. However, a:halysis of the climatological
data, along with other studies made (Reference V-2), indicates that only one-
third of this amount is necessary for 'keeping the surface free of snow approxi=
mately 90% of the snowfall hours. The power requirement associated with
complete melting 90% of the time has been definéd as the nominal design
condition. I will be shov&n later that in the few insiances when this nominal
power would be inadequate for total melting that it would nevertheless be
sufficient to prevent the snow from freezing to the road surface. Thus, in

the extreme cases snow removal by conventional equipment would be facilitated.
The nominal power re.quirement for a system utilizing a low temperature heat

source thus becomes 12,5~ 25 W/ ftz depending on the loeation of the installation.

- In cases where a high temperature heat source is used, the heat distribution

system‘will experience as much as 30% losses back from the roadway to the
ground. In addition, there Will also be transport losses in getting the heat
from the heat source to the heat distribution system in the roadway. The
transport losses are assiiméd to be 10% of the total heat. With both of these
losses taken into account, the power requirement for a high temperature heat

source hecomes 18-36 W/ £,

2. Prevention of Snpow Freezing to Roadway Surface

The prevention of snow freezing to the roadway surface has been
proposed as a possible alternative to total snow melting. The various states
all have snow removal equipment and, very offen, it is only in severe storms

that this equipment becomes ineffective. This type of heating system would

V-2

www . fastio.com


http://www.fastio.com/

ChhPDF -

wvvwfastio.com

eliminate the use of salts, which cause deterioration of the roadway, and would
also facilitate snow removal by conventional equipment.

It was assumed in arriving at the power requirements for this condition
that heat would be dissipated to the ambient from a 1" layer of snow above the
roadway surface, .which was maintained at SSOF. This is a conservative assump-
tion since accumulation of snow above 1" would serve as additional insulation and
further reduce heat losses to the ambient, The heat loss was determined by

simultaneous solution of the following equ'ations:.

k (33T
S V-1
_ q = h(TS'Ta_) (V-2}
where q = Heat loss (BTU/hr-ft2)

k = Thermal conductivity of snow conservatively taken to be
0.242 BTU/hr-ft-°F

h = Forced convection heat transfer coefficient (BTU/hruft‘?‘—oF).
This is a function of the wind velocity.

T = Ambient air temperature (OF)
T = Temperature at top surface of the snow cover (°F)

AX = Depth of snow cover (inchés)

The heat losses are shown in Figure V-1 as a function of ambient air temperature
and wind velocity. A system of this type should be designed to function under
extreme conditions. The climatological data indicates that in areas with severe
climates {he extreme conditions cor;‘espond to 0OF ambient and 40 mph winds.
From Figure V-1 the heat dissipated at the surface is approximately 23 W/ it2,

If a high temperature heat source is employed the system would experience
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essentially the lsame losses as a snow melting system. Since< power require-
ments for snow melting 90% of the time and prevention of snow-freez‘iﬁg to the
surface in the remaining extreme cases are almost equal, the two classifications
were combined, The nominal power requirement for eithe;- classification was’
defined as that corresponding to complete snow melting 90% of i:he time. Power
requireménts for deiciﬁg are essentially the same as for prevention of snow
freezing to the surface. The problem of deicing affects only the total energy
requirements of the systgm, ‘sSince the system must not only supply power

during periods of snowfall but also whenever icing may occur.

3. Prevention of Preferential Freezing

A possible alternate to absolute snow and ice removal is the‘-e_liminationz
of early freezing of certain critical surfaces, such as bridge and ramp surfaces.
To accomplish this, heat must be added at a rate which will cause these sqrfaqes
to achieve temperatures equal to or slightly greater than the roadwgy s_urface_s in_
the same vicinity at the same time.

~ The underside of a cqnventional roadway suriace is thermally coupled_
to a virtually infinite constant temperature heat source-sink. If heat were
delivered to the bridge surface from the gfound during pericds of incipient
freeze~up, prefereﬁtiai freézing would not 'o’écur. The amount of heé;tf which
must be supplied 1o the bridge pavement in order to duplicate the heat input
ffom the ground to a roadway was esti}natéd in the foll-'owing way, Periodic
temperature changes on the surface of a road penetrate into the ground with-
an exponentially damped amplitu_de". At a depth D (comparable to the thickness

of the bridge) the heat flow and temperature fluctuations are reduced correspbndi_ng

V-5
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to

(V-3)
_where dg and Uy are the‘"heaf ;fll'.uxee et the surface and at a depth D, respectively,

" and m is defined as.

.\I

A (V-4)

n

with o = Thermal diffusivity of the ground ~ 0. 024 £2/hr

A

Time conetant‘fopperiodic fluctuation
Usmg a depth of 1 foot a.nd a tune constant of 24 hours, which is associated with

daily temperature ﬂuctuations, the heat exchanged with ground becomes

o = o g = 0ag,
| ‘The heat exchange at a level ofl foot below the surface is therefore only 10% of
the :requirements atthesurface. Thus, as a first approximation, it can be
assumed that the effecf."gf theground in an ordinary roadway can be simulated
by ecpplying heat!to.thej f;-bri‘dge:let a rate equivalent to 10% of the heat exchanged

at the road surface. Swmlarly, the energy requirements are 10% of those for

the roadway meltmg and" demmg system. Power requirements are summarized
' in Table V-1,
-TABLE V-1.
SUMMARY OF NOMINAL POWER REQUIREMENTS (W/ft?)

" Moderate Climate Severe Climate

Classification ngh Temp.’ Low Temp, High Temp. Low Temp.
of System . Heat Source . Heat Source Heat Source Heat Source

-Snow melting 1K D - N 36.0 25.0
‘and/or deicing i R ' _

Prevention of LB 1.25 3.6 2.5
preferential H

freezing

V-6
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Aside from being I_'el_ated t(lal the _thfee factérs rﬁéntioned .a_a.bc;ve wﬁich
affect the power require#nerﬁ;, the 1;ota1 énergy requiréineﬁf is als;cieﬁéﬁaent. |
upon the duty cycle and for some energy source.s‘». .(e. gy nuél.eﬁr) upon the
efficiency of energy storag_e. The duty cyclé is deit'ermined by the type of
sensing device used to activaté'thé ;snow-sai'ad i’ce. remo\fal sysi;em. Stoi'agé
efficiency is ‘_rela_ted t_o._the. heat source temperature and/ar the material
comprising the stbf;ge reservoir. |

Nominal energy requirements hé;ve been determined for a natural
reservoir-heat pipe transport system (no losses) for Baltimore (Maryland') . '
and Binghamton (New York). These cities were selected because they have
moderate and severe climates, respectively, and also available weather data.
Average daily temperatures for each city for the year 1369 were used in per-
forming the calcul.ations. It ﬁas assumed that a temperatufe sensing control
device would be used which would Iﬁerm:it pumpirig by the heat pipe transporter
only when the roadv;iay surfacé te‘mperature.waé 320F or less. Enérgy reqﬁi're-
ments were caléulated assummg an .ﬁverage heat transfer coefficient of 5 BTU/
hr-ftz-oF for the winter séasoﬁ and a surface tempex;atur'e' of 32°F. Since
average daily temperatures were used, it was also assumed that the period of
heat dissipation was 24 hours on those days when the average ambient tempera-
ture was 32°F or less. Emergy dissipation by month is listed in Table V-2 for
the two cities. The results show that there is a significant difference between
the energy dissipated for severe and moderate climates, In terms of a storage .

system the results indicate that almost 5 times as much storage volume must
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severe weather condmons prevall

be. made available for a éiven temperature driving potential in areas where

A reliable snew-icing sensing control

| could appreclably reduce these reqmremente.

TABLE V-2

ENERGY DISSIPATION FOR AN EARTH STORAGE-HEAT PIPE

Month
October

November

December
January

‘February

March
. Total

In cases where B_rsteme are esed which employ energy storage, the
total energy- requ1rement would be increased by a factor of 1/storage efficiency.
Since storage losses mcreaee as the temperature of the storage reservoir is
increased, low temperature heat eources should be employed in order to m1h1m1ze
total energy requlrements In additlon, heat distribution and transport losses
assoeiated Wlth a h1g_h tempera.i:ure eystem will also significantly increase the

total energy required.

wivyfastio.com

TRANSPORT DEICING SYST EM

Energy Dissi ated W Hrs/ﬂ:
Baltimore ~ Binghamton
0 0
0 1. 09
2.42 10,05
4.4 12,05
.59 8.06
. 215 5.75
7. 625 37.99
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B. ' Significance of ancrete fi‘hermal Conductivity_and Methods of Augmenting pow

Conductivity '

The operating température of the heat distribution system and thérefore of the

heat source is related to the conductiVii:y of thé pivement material and the depth at which
the heat distribution system is located below the ‘ro.adWa'ji surface. If'the distribution

system can be assumed to be uniform and planar its temperature will bé given by

- d ' _
THD_ TP+E dg (V-5)
where d = Depth of heat distribution system below the roadway (ft)
k = Thermal conductivity of roadway material above the mat (BTU/hr-ft-CF)

q_ = Heat flux dissipated at the roadway surface (BTU/hr-ftz-oF)

+]
|

Temperature of the heat distribution system °F)

!
It

Temperature of the roadway surface (°F)

It is desirable to utilize low temperature systems since losses for such systems are almost
negligible and, in cases where energy storage is employed, the storage efficiency ié greatly
increased. This implies locating the heat distribution system as close to the surface as
practical in terms of structural considerations and using roadway materials which have
good thermal conductivity. Sirength characteristics of conventional concretes are such
that the heat distribution system should be located no less than two inches (2'') below the
surface, Ai:ypical value of conductivity for concrete is 0.75 BTU/hr-ft-oF.

Various methods exist for improving the thermal conductivity of concrete without
affecting its strength characteristics. Absorption of moisture increases the thermal
conductivity, and a saturated concrete may have a value as high as 2.0 BT U/hr-ft—oF.

Free moisture increases of 1% in weight increase the conductivity by about 5%. Air

dried concrete made with sand or gravel as a coarse aggregate has a conductivity

V-9
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slightly greater (~20%) thaﬁ concrete made with limestone. The conductivity of the
goarse aggregate.'s ié the most importaﬁt‘féctor affecting the conductivity of saturated
concretes. One éxample of pgrtia.lly dx_‘iﬂed concretes made with a high proportion of
steel punchings indicated a conductivity range of1.5-2.0 BTU/hr-ft—oF (Reference
V-3). For a particular agéregate, _then_nal conductivity increases with increased

weight density of the concrete. Aging seems to have little effect on the conductivity.

v y-10
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C. Earth Heat Exchanger and Earth Heat Storage

The most reliable aqd reedily available form of energy for highwasr deicing
is the natural energy stored near the earth's surface. This form of lew‘i.;emeerature
energy should not be eenfueed with the earth's internal heat available several 'rhoueand
feet below.the surface. E achr cubic foot'o'f o.rdina.ry ao-ii' has a heat capacity io'f- ébeet |
40 BTU that is released if it is cooled 1°F, The energy extracted by cooling a block
of soil, 50 ft. x 50 ft. x 40 ft., 30°F would be equivalent to the energy relea;s:ad by |
burmng four tons of coal. Extracting this heat energy from the soil for ese 111 demmg
requires an earth heat exchanger. ‘An earth heat exchanger' buri‘ed it the eerbh: in
intimate contact wit_h the soil is needed to trahsport heat to or from the eartht The
temperature differential betweee the 'readwey surf‘aees (in.l practice, a heat distribution
system located a small distance beneath the roadway) and the deep earth provides the
driving potential for the heat exehenger. Primary factors of importance are the rate
of heat loss (or gain) of the exchanger with time and the temperature changej‘r'v:vith time.
These factors are affected by the thermal properties of the soil. ”

Soil properties vary from 1ocaﬁbn to tocation. Early' in the study, ﬁwofsoils
were chosen--one with a conductivity of 14 BTU/hr-ft2-°F/ inch representiné a wet
clay and one with a conductivity of 5 BTU/hr-ftzeoF/inch repréSenring a lorv—ﬁcbndu_ctiv-
ity moist soil. System studies were -based ona mediurn ‘conduc‘tiv‘itj} between these two
soils.

Kersten at the University of Minnesota has obtained thermal conduerivity dafa

from Iaboratory testmg. Flgure V—Z presents the variation of thermal conductlvity

_ of giits and clay goils w1th dry densnty for moisture contents of 10%, 16% and 20%.

Figure V-3 presents the vanahon of dry dens1ty versus thermal conductlwty for
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"sandy soils at various -mcisture contents., As expected, | the thermal conductivity

increases for increase_s it density for co_n_s_ta_nt moisture content. For constant: -

BUh

density, conductivity i increases w1th mcreases in mcxsture content.

This data indicates that a benefmw.l effect could be obtamed by 1ntroducmg

‘water into the soil as the exchanger system is mstalled in the sml The downward

flow of water would i increase den81ty as well as local mmsture content. Both effects

'would increase the thermal conductzwty in the immediate vicinity of the vertmal

: transporter system and therefore p_e_rmit more heat to be withdrawn from or .added’

to the earth. In addition to the physical properties of the soil, the average annual

temperature for a given location is important since this will very closely apbfoxiihate 5

the driving temperature for a natural earth heat source.
The data in Table V-3 indicate the temperature ranges to be encountered in

the states included in this study., Most of the data are from airports near the cities

'indicated; thus, they should be appropriate for beltway and'high}yayv-systemsé_near the

various population centers. The conditions in the cities themselves will be less severe.

The yearly average temperatures can be utilized in the estimation of the feasi~

hility of ut111z1ng an earth reservo1r system. Assummg that the average so11 tempera—

tures at depths greater tha_n 15-20 feet approach the yearly average of the surface
temperature to within + 5°F, we can determine that in the four states being considered
nearly every locality will have resertroirs 15 to 25°F above freezing. This is in line
with previous general observations (Ref, V-5) and can be inferred from detailed
observations made at the University of Minnesota, Figure V-4 indicates soil tempera-
ture variation with depth throughout the jrear. These curves follow the predicted patterns

very closely; i.e., at depths over thirty feet the soil temperature approximates the

V-13
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AVERAGE MONTHLY WINTER TEMPERATURES AND

YEARLY AVERAGE TEMPERATURES FOR VARIOUS EASTERN CITIES

V&lé :

CM:)PI);—
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P B _ Length of

Dec. Jan, Feb. Mar Probable Yearly

op | °oF op op Freeze Period | Avg. Temp,

: ; . ‘ {Days) :
* Baltimore, Md, '35.8 | 34.8 | 35.7 | 43.1 158 55, 2
| Wilkes-Barze, Pa. 29.4 | 27.7 | 28.3 | 36.2 159 49,4
Philadelphia, Pa. s3.9 | s2.3 | ss.z | 4o 146 53.5
State Collgge, Pa, 30.5 '28;7 29.3 36..6 . 178 50.1
Pittsburgh, Pa, 50.7 289 | 20.2 | 36.8 183 50. 3
‘Erie, Pa. 30.7 | 27.3 | 26.4 | 38.6 178 48.7
. New York (LaGuardia) | 36.4 | 33.6 | 33.6 | 40.8 136 54.7
i -Aibany,_ N. Y. 26.5°| 22.7 | 23.3 | 33.0 230 47.6
Buﬁalp, VN.. Y. ?5_5.'9 265 | 201 | 35 178 46,7
© Rochester, N, Y. : ‘56;7 25,2 | 24.9 | 32.3 177 48.0
" gyracuse, N. Y. 218 | 240 | 243 | 326 178 48.0
Worcester,. 'Maas. 27 2 ]| 24.0 ] 24.9 '32. 8 159 46, 8
 Boston, Mass. 33.3 | 20.9 | 30.3 | 37.7 127 5l.4
'TABLE V-3



http://www.fastio.com/

o8(] . AON 0o ydeg Sny  App _9:;. LN fady Ie o

uer

HLJHA “SA (VLOSANNIN IO ALISETAIND) TUALVIAIWAL TIOS ¥-A UNOIL

)
[Tl
g

- 05

()

{i ) sanjexadurag, 1108
V-15

www fastio.com

ChhPDF -


http://www.fastio.com/

ClibhPDF -

yéarly average of the surface temﬁ:erature, and that lé.rge departures from the

ave.rage'value are not experienced much below 15 feet, These conclusions hold well
for loam soils and must be modified sligiifly for sandy, clay, or rocky areas.
Figure V-5 shows the variation between soil and air temperatures for a
single year. The month of March averaged eleven degrees warmer than normal,
while the other months were fairly close to their nofmal averages. The sharp
changes in the values of AT in March indicate that the deep reservoirs in the earth
follow the long term temperé,ture trends rather than short fluctuations during one

year. It should also be noted that at depths of 25 to 50 feet the yearly temperature

-fluctuations are + 2°F or less, while near the surface the monthly fluctuation is as
much as + 10°F and the yearly fluctuation is as great as 7T0°F, Thus, the 20 to 50
foot level holds great promise as a stable reservoir for heat, especially if a simple

" method of pumping some of _f.h_e excess summer heat down to this level can be developed.

Aside from being aApo_tential heat source, the earth represents a practical

., energy storage reservoirf_()i other primary heat sources. In the case of nuclear

waste as the primary source, it is desirabie to utilize all of the power produced over

the entire year during the short intervals associated with snow melting and deicing.
The available thermal energy can be stored as sensible heat in an earth reservoir.
The earth's relatively high heat capacity. permits the required energy to be stored

in reasonable vdlumes of eari:h while still maintaining the storage reservoir tempera-

ture below 90°F (low temperature ‘h.eat sodrce). On the other hand, the low thermal

diffusivity of earth (e<= 0,02 ftz/hr for average soil) results in low energy losses and

| therefore high stbrage efficiencies* fpr the storage volumes and temperatures that

* The storage efficiency is defined as the ratio of the energy required for melting to
the sum of the energy requlred for ‘meliing plus the energy lost to the soil surround-
ing the reservoir.
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are required.. Storage efficiencies of approximately 75% are readily obtained for
earth storage reservoirs. Assummg a storage efficiency of 50%, twice as much .
energy must be supphed to the storage reservmr as would be drsmpated at the road-
way surface during periods of snow melting and deicing. However, in terms of a
nuclear waste heat source which is d1551patmg power contmuously, although the
tota_l energy requirement is incre_ased by storage, when averaged. over the entire
year, the total power requirernent and ‘thé"refore tlre nuclear inventory is reduced by
7 _app:roximately a factor of ﬂve Thﬁs,' approximately five times as many nuclear
ihsi;allations.can be _obtained if an earth storage reservoir is employed.
The available thermaf energy could also be stored as the heat associated with
a phase chaﬁge ina ﬂuid'; The heat of phas:e change is interesting because a large
amount of heatilc'an be storedk (at constant temperature) in relatively small volumes.,
The heat of fusion is particularly interesting since freezing/melting is essentially
a constant volume process. The phase change must occur at a temperature sufficiently
above 32°F in order to make the resultmg heat liberated usable for deicing. Water
therefore‘would not be suitable. ThlS method of storage would be more efficient than
| earth storage because the eaergy could Vb_'e:.stored in smaller volumes of fusible material
and at lower temperatures.. The eo,mbrﬁation of smaller volumes and/or lower tempera-
tures results in lower storage and transport losses. If a storage reservoir is employed,
the cost of the fasible material as well as its containment must be compared to the cost
of higher power requirements and greater transport lengths in determining which method

of storage is best.
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D._ Heat Pipes as Applied to Earth Heat Exchangers and Isothermahzatmn of
Roadway Surfaces -

The problem of earth heat exchanger cievel_opment has been greaf:ﬁ iﬁ;proved
in recent years with the advent'of a novel heat transfer technélogy known as the heat
pipe. A heat pipe is an isothermal device _which is capable of fransportiﬁé he'a-i.:ﬁll‘aéi:\;een
two locations in a completely stai{ic manner. Technically, it can be dgscribed as a
closéd system containing a fluid 'in two-phasé equilibrium. It coﬁsists éf an evaporator,
a condenéer‘, and”a capillary stru-ctur_e to provide pumping power. Heat is transported.
in the form Qf latent heat of ev.aporaitio.n., and capiilary and/or éravity forces are

utilized to recirculate the condensate. When integrated with an energy source

~ heat pipes can provide a redundant heat transport system having a high probability

against failure, The isothermality of a heat pipe permits realization of the maximum
potential bf an earth storage system.

Tests have been performed by Dynatherm Corporation fo establish the feasibility |
of using heat pipes to transport energy from a storage reservoir to a roadway surface.
Al2'x 3/ 4'* 0.D. heat 1;ipe using ammonia as the working fluid was installed vertically
to a depth of 10 feet, as sﬁown in Figure V-6, The pipe has thermocoﬁples located along
its length to provide temperature data. The part of the pipe buried in the ground repre-
sents the evaporator (heat input) section, while the part above the ground surface is the
condenser section where heat is dié‘s.i.pated. An ordinary pipe was insta{led alongside
the heat pipe for comparative purposes.
| Data for fhe heat pipe indicated that it was completely isothermal over its
entire Iéngth during its operation. A comparison between the heat pipe and the dummy

pipe is presented in Figure V-7, ‘Whereas lthe dummy pipe's temperature dropped below
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‘f_reezi.ng, the heat pipe opereted isotherrnally at about 38°F during periods of heat

dlsmpatmn (subfreezmg temperatures) On warm days, when no heat was being

| d1ssupated the heat p1pe assumed the temperature of the soil at the 10' depth (~ 43° ).
' . f_I‘ne faot that the heat pipe was operating at temperatures above the ambient is a demon-
" etr.ation that it was trempo;tihg;"heat--from-the earth. However, the magnitude of the

o energy dissipated is not readlly determmed from th13 type of test.

Calonmetry tests were performed whlch cons1sted of melting a known amount
of ice over a period of time in order to determine the amount of energy being extracted

from the soil.- The tests consisted of placing a 2' long x 10" O.D. camnister around the

. N K /
~ heat pipe and filling it with water at 32°F and then inserting a known amount of ice. An
identical cannister was placed nearby for comparison. Melting rates of approximately
) TO 5 lb/hr, corresponding to '~ 75 Btu/hr, were experienced for the heat pipe system.

"Tms is equivalent to meltmg 1" of snow on al ft surface per hour. This result

correlates well with the theory describing the performance of earth heat exchangers

‘(Reference V-4).

In addition to the calorimetry tests, an actual snow melting test was performed.

]

A 12" aluminum dise, 1/4" tiiick was clamped to the upper portion of the heat pipe. The
'_:ﬁipurpose of the dlsc was to prowde a heat dissipation surface to melt snow. The disc was

"f:clamped to the heat pxpe on the even.mg of March 17. A similar disc attached to a dummy

pipe was placed nearby :Eor]_c’_',_olmpa.;njson. The following morning there was a moderate

" snowfall which lasted for a_b_out 2 hours : Approximately one inch of snow had accumulated
~ on the ground within that titne. The results of the test are shown in Figures V-8 and
_' V-9. Absolutely no snow had acenmulated on the heat pipe system, while approximately

1/ 2" of snow had a’ccumul'eted on-the dummy plate at the end of the snowfall. The snow
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was observed to melt almost instantaneously upon striking the heat piped-heat dissipation
surface. The rate of heat dissipation corresponds to 35-40 Btu/hr. The rate of heat
transfer obtained with the rather low driving temperature potential is more than adequaie
for the prevention of preferential freezing, It can also be_ concluded that, at least in
moderate climates, a nafural ea.rth reser'voir—héat pipe transport system can provide
sufficient energy for snow melting and deicing. Such a system requires roadway. ‘
materials of relatively high conductivity (k> 1.0 Btu/hr-—ft-—oF), an isothermal heét
distribution mat, along vﬁfh isolation of ﬁhe individual transport heat pipes in the ground.
In this way, the maximum driviﬁg poténtial of earth as a heat source can be realiﬁed.

Exéept for potential syStéms employing radiant energ&, a thermal grid is im
essential component in any System where heating is used to accomplish deicing. The
grid is necessary to distribute the heat within the roadway pavement so that relatively
uniform heat dissipation occurs at thé roadway's surface. Typically, this grid has
consisted of shielded electrical heating elements, electrical wire networké, or pipes
with pux'nped fluid as the heating medium. A heat pipe mat could also be used as a
thermal grid. The heat pipe mat would provide passive i'sothermalization (and there-
fore uniform heat distribution) as well as serving as a structural reinforcement for the
pavement. It also has the advantage that it can be integrated with any of the potential
energy sources being invgstigatéd.

Regardless of what type of thermal grid is used, the analysis Of_ the grid‘s_
performance is identical. A two—dimensi})nal thermal model has been developed to
analyze the performance of the thermal grid. This model is shown in Figure V-10.
Nodes 24, 29, and 34 represent the heating elements of the grid; node 1 is the ambient

air; nodes 57 and 58 are the ground; and the remaining nodes are the pavement. Deep

V-25
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ground (node 58) and ambient air (node 1) temperatures were fixed at 45 and 20°F,
respectively. Conductance values typical of heat pipes were used for the heating
elements. The heat transfer coefficient was determined such that 25 W/ft2 would be
dis.sipated by the roadway surface at 34°F to the ambient dir. In this way, melfting
would be guaranteed. The centerline of the heating elements was located two inches
below the surface of the roadway. Thermal conductivity of the pavement fnatér"ial'
below the center of these elements was fixed at 0.5 Btu/hr-fi -°F. The model has
been programmed, and a steady-state thermal analysis was performed using "NETHAN
II" Thermal Analyzer Program, |

Heat flux and temperature distributions were determined for various values of
the thermal conductivity of the pavement material above the heating elements and also
two different spacings of these elements, The heat input from the heafing elements
that must be supplied in order to guarantee a minimum of 25 W/fi;2 at the surface was
also determined. Results of the énalysié'are summarized in Table V-4. A typical
resultant heat flux and temperature distribution is shbwn in Figure V-1l for Case #3.

" TABLE V-4
SUMMARY OF THERMAT ANALYSIS OF HEAT DISTRIBUTION MAT

Heat Thermal Temperature “ Rdédway

Element Conductivity Heat Input .of Heat Ce ‘Surface
Spacing  of Pavement  (W/ft2 of Elements - = Heat Flux (Max)
Case No, {in) * (Btu/hr-ft-° F) Roadway °T) (W /442 of Roadway)
1 6 0.5 30 112 35.9
2 6 1.0 28 72 32.1
3 6 2,0 27 54 30,0
4 4 0.5 28 82 28,7
5 4 2.0

23.2 46 25.4

V=27
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_Surfac__'e Heat Flux Distribution
: , " (Case #3)
30 1= -
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Surface Temperature Distribution
(Case #3)
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FIGURE V-1l: ROADWAY SURFACE
HEAT FLUX AND TEMPERATURE DISTRIBUTION
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As indicated in Table V-4, .“eﬁ'elemeht'spacing of four (4) inches .zhd a Eherma;l'.:
conductivity of 2 Btu/hr—f-_F is required to get an essentially uniform heat distribqtioh.
While this ce;hbiﬁetioﬁ of sx")'ée'i'lt'g;e.pd ttxerms,l conductivity gives approximately 100%
'efficiency in terms of heat flux dis_tribution_, tt&e te_mperature ef tlte heati;;g elements is
approximately 50F tliglter thap for a cont_itmo_ﬁs planar heat distributior; gnd aonsequently,
as regards an earth storage system, the maximum tempeseture' driviegipotenttel could
not be realized 'm;less there'iS‘ti-oloSer spacing of the heating elements in the grid.
Increesed operating costs assq.ciated_ W1th higher transport and/or storeée losses for
inereaseci temperature potentials musi be comparea with. increased -instellaties costs
associated with closer element spacings required to realize maximum temperature
potential in order to arrive a_;t an optimﬁm heat distribution system.

As discussed previously, conventional air-dried concretes_ have a tlgertnal
conductivity of 0,75 Btu/hr-ft-°F. However, the conductivity can be i}lereasedste as
high'as 2 Btu/hr-ft-oF when saturated with water. This could very well be the case
when melting is occurrmg at the roadway's surface. Also, erand concrete is bemg
developed which has a thermal conductwﬂy of 1. O0~~better than twice the strength of
conventional roadway me.ter1a1s--end excellent wear resistance. Thus 1t is quite
possible to reduce the depth of pavement ebove ‘the element-s te aﬁproxirﬁstely one
inch, m which case the theri.ﬂafl performance of the grid would be esseqtially the same
as for Case #5. With a heet ctistirtbution system operating at or below ‘{16-01? a natural
earth reservoir-heat pipe transport system is .feasible. The practicality of such a
system in terms of desugn a.nd mstallatlon costs remains to be determined. ’

A pera.metnc atxalysm sss been performed to prov1de desugn data for an earth

energy storage-heat pipe transport system. A conceptual design for this Sys-tem ig’

v-28
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" presented in Figure V-12. "The f_olldwihg assumptions were made in performing the

fo07 analysiss

1. Planar-isothermal heat distribution mat located at a depth (d)
. below the pavement surface - no dis{ribution losses.

-2, Uniform groinid temperature - no transport losses.

3. Isolated transport heat pipes - this is accomplished by staggering
the heat pipes as shown in Figure V-12, .

4, No interface loss between the transport pipes and heat distribution
mat, ' '
5. Average soii conditibns - heat tranéfer rate from ground to transport

pipes is W = 4 Btg/hr_ftz_pF_
6. Length of pipe in pa{vgmgnt () is 12 feet.

7. Outside diaf_qefcer of transport pipes is one inch.

Under these assulﬁi)tipns,'the total temperature drop between the ground and

the pavement surface is given by

T, = Tp = ATP + AThp + ATg (V-6)
where Ts = Tempe%'ature of the earth energy storage system
T, = 'I‘-émp'e:r.atﬁre of the roadway surface
AT = Terﬁbebi'a‘turé drop between the earth reservoir and the
g transport heat pipes '
A'I_'hp_ = Temquature- drpp through the heat pipe
o er = Temperatul—'e drop through the pavement from the heat

distribution mat to the surface of the roadway

With these temperature drops taken into account, the following expression exists which
relates the heating requirements and temperature driving potential to design parameters

of the system.
V=30
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s p _ 4 5 _
q 0,284 " + 39.2 T, {(V-7)
where d = Depth of heat distribution mat béiow the roadway (in.)

k = Thermal conductivity of roadway material above the mat
(Btu/hr~{-°F) '

L = Length of traﬁsport pipe in the ground (ft)
s = Spacing of transport pipes

q = Heat flux dissipated at the surface (w/ftz)

This relation has been solved for a range of practical values of the design parameters.,
The results are shown in Figure V-13. As an example of the use of this Figure consider
the design of a natural earth energy source (TS=" 55°F) in an area where heating require-

ments are 25 W/ft-z. In order to have melting 'I‘p == 33°F_'. thus

T -
-1 p

oF
T - 0% SRR

Therefdre, f@_r a value of d/l%_-= 1 (e.g., d=1inch, k = 1.0 Btu/hr-fi-°F) a value of
approximately | 7. 015 1s required for 8/L.

Thus if tﬁe transport bipes are spaced at one foot intervals (8 = 11, they will
have to run approximately 75 feet deep into the gfound. Cost factors associated with
spacing (s) and depth into the ground (L) (e.g., deeper holes vs. fewer holes, etc.)
will have to be acéounted fof ina cost;. rﬂbdel when determining an optimum system
design. While the leng‘th of'transport pipe may seem quite large, 2 vertical heat pipe
acting essentially as a refluxer will experience no difficulty in pumping the required
heat through these distances. The use of nuclear waste heat in combination with an

earth storage reservoir-heat pipe transport system would of course increase the

V-32
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temperature of the stoi‘age sysi‘f;m. Providiad that sufficient energy is stored at temper-
atures not substantially greater than for natural earth (no significant transport losses)
the use of nuclear waste could substantially reduce the required length of transport pipe.
In this case, the cost of installation and containment of a nuclear waste heat source must
be compared to installation costs for the additional length of transport pipe required if

only natural earth heat is used.

V=84
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E, Technology of Hole Drilling

Vertical transport pipes must be installed in the earth to a depth of 30 to 60 feet
quickly and cheaply. Consideration must be given to driving or pushing the pipe as well
as placing them into drilled holes. - Assuming transporter pipes made of conventional pipe
steel and charged with the working fluid in advance of installation, driving the pipe, as
one would a pile, may not be feasible because of possible damage. In very soft, loose
silts and sands a jetting process would be beneficial for either a pushing or driving
method. In consideration of driving or pushing versus drilling, one must ascertain the
resistance to penetration. For a stiff clay with a maximum unconfined compressive
strength ranging from one ton/ £t2 to two ton/ ftz, a one-inch diameter transporter pipe
embedded a depth of 30 feet would develop a maximum resistance approximately ranging
from 4.3 tons to 8.6 tons. A medium dense sand having a weight density of 120 pcf and
an angle of internal friction of 30 degrees penetrating a depth of 30 feet would develop
a resistance of approximately 4.5 tons. The above estimates include not only lateral
resistance but also 10 percent for tip effects. The above vertical load requirements
are feasible from an equipment point of view using hydraulic jacks or continuously driven
friction rolls. Because of the large lengths of pipes to be handled (embedded depth plus
horizontal travel) of approximately 50-60 feet or more, a vertical boom or equivalent
would be necessary. Downward thrust could be applied thru a mechanism gripping the
circumference of the pipe. Other techniques such as the utilization of a giant impact
hammer device whereby the pipes are shot into the ground (such as has been used in
installing steel bars into rock for military construction) should be studied.

Until more definite information regarding the future needs for mass installations
is available and the feasibility of developing special equipment is investigated, presently
available drilling techniques must be considered. The most economical method, and

V-35
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thus the only one undér cbﬁsideﬁation, is thé: pO\.Ner auger technique using a hollow

stem auger with the transporter pipe advanced down the hollow stem to the desired depth,
at which time the hollow stem auger is withdrawn leaving the soil in intimate contact
with the transporter pipé. On a;prototype hasis the cost of the hollow stem procedure
would be approximately $1 00 per foot of depth. Development of special equipment for
transporter pipe installation would probably reduce the costs to perhaps 20¢ per foot of
depth. Advancing down the center of a hollow stem would have advantages over pre-
drilled holes; for example, in silts and sands a pre-drilled hole would probably cave

in,

Additional development studies are strongly advised in this area of installation

equipment and procedures.
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I, Practices and Technology of Concrete Pavemenis ' —_—

Numerous aspects of current practices and technology in the field of concrete
pavements are important in pavement deicing considerations. These include pavement
life, thermal properties of concrete, structural thermal effects, metal~concrete éompati-
bility, slab reinforcement requirements, interchange geometry, construction side forins,
haul or work road use, underdrains, sawed joints, concrete placement, etc.

1. Pavement Life

Bureau of Public Roads studies of highway life through the U. S. was
reported by Gronberg and Blosser (Reference V-6) giving average pavement
lives of various paving types for the years between 1905 and 1852. Table V-5
depicts the fesults for eight types of pavements, Of primary interest herein
are the bituminous concrete roads consisting of one inch or greater thickness
meeting precise specifications and rigid pavements of portland-cement concrete
with or without a bituminous wearing surface less than one inch. Probably
because of heavier axle loads in current use the service life of nearly all
pavements decreased from 1905 to 1952. Rigid pavements have average
service lives of 20 to 25 years while bituminous concrete is approximately
17 years. Note however that concrete pavements resurfaced with 2 inches of
bituminous mat would not be classified as rigid by the above definitions,

Associated with concrete pavement life are various types of distress
that generally can be traced to two main causes--deterioration or deficiency
of the pavement itself, and that resulting from improper dowel alignment,
warping stresses and contraction as well as expansion effects. Deterioration

of the pavement itself may be brought about by freezing and thawing (thermal
V-37
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fatigue), use of nondur;ble materiaié, alkali-aggregate reaction, scaling
resulting from use of salts for ice removal, etec. Thermal deicing methods
would eliminate the latter salt deterioration. The general form of distress,
due to improperly aligned or 'frozen'" (poorly lubricated) dowel bars, that
prevents freedom of ekpansion and contraction of the slab is a spalling or
cracking of the concrete. Longitudinal cracks and spalling along these
cracks may occur due té warping stress. Much of the above distress could

be minimized with proper maintenance and care in construction.

2. Thermal Conduétivity

Thermal conductivity of the roadway concrete is a major factor in the
design of low temperéture deicing systems, such as those involving earth heat
storage, since the efficiency of such systems increases with higher concrete
conductivity. A typicél- value of thermal conductivity of concrete, air dried in
the atmosphere, is approximately 12 BTU/Hr- th-oF per inch. Absorption of
moisture increases the effective thermal conductivity, and a saturated concreie
may have a value as high as 24 BTU/ Hr-th—oF per inch, Each one percent
increase in free moistﬁre by weight increases conductivity by approximately 5
percent. This is significant because, during the deicing process, melt water
will improve the effective conductivity above the value for dried conditions.

Generally, conductivity increases with increased weight density of the
concrete; however, the moisture conditions are important. For example, in
saturated concretes, the Eonductivity of the aggregate is the major factor
determining the overall effective conductivity of the resulting concrete. In

partially dried concretes, the gain in conductivity may be balanced by loss

v-38
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due to decrease in moisture content corresponding to the change from a
saturated to partially dried condition. One example of this is a partially
dried concrete made with a high proportion of steel punchings resuiting in
a conductivity rénging from 19 to 25 BTU/Hr- th-oF per inch, while a
saturated concréte made with more conventional aggregate had as high or

T higher values of conductivity. This seems to be the influence of moisture
content.

In an air dried concrete, with limestone as a coarse aggregate,
conductivity ha's been found to be as much as 20 percent lower than concrete
made with sand and gravel. All other things being equal, age of cpncrete
alone does not seem to affect. conductivity appreciably.

In general, the thermal conductivity of concrete is low and attempts
to increase it by additives is not very encouraging, Perhaps this is due to
the non-continﬁous netv?ork of aggregates, each surrounded by a continuous
matrix of low conductivity cement paste. Research should be conducted on
ways fo impfove thermal conductivity since it is of major importance to

deicing efficiency.

3. Metal-Concrete Compatibility

Materials used for the heat pipes and the horizontal heat distribution
system must be compatible with the concrete and steel reinforcement. One
practical aspect of metal-concrete compafibility of importance is the galvanic
action betweén aluminum and reinforcing ste.el as well as aluminum-alkali
effects. Both of thése cause corrosion that may lead to concrete deterioration

such as cracking and spalling. These detrimental effects override the

V-39
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commercial and heat pipe" advantages of aluminum and point to consideration

of steel heat pipes in the heat distribution mat.

4, Slabh Reinforcement and Thermal Effects

Thermal effects on concrete pavements have an important influence
on their structural capacity anci on the reinforcement requirements for highway
slabs; hence, an importent effect on the economy of deicing systems.

Experimental data indicates strength loss for concrete specimens to be
much greater fer thermal cycling than for constant exposure to high temperatures;
however, the range of temperature differential of 20°F anticipated at deicing
time is negligible compared to normal climatic variations. Thus, thermal
fatigue due to low temperature deicing systems is considered negligible.

The low conductivity of concrete requires that a heat pipe bar mat be
located near the upper sle.b surface, approximately 1.5 inches from the surface,
in order to meet surface heat requirements. To provide uniform deicing the
horizontal spacing \ﬁill be approximately twice the vertical concrete cover. For
economy, the heat pipe Eer mat 'should also serve as the slab reinforcement with
realistic amounts of steel per unit area of slab. In addition, the inside and
outside pipe diameters must provide an acceptable thermal unit with the working
fluid in the pipes. Consideration should also be directed to warping stresses
caused by tﬁermal gradients and the distribution of these gradients.

Typical bar mat ;end wire fabric reinforcement practices indicate that.
heat pipes or other typee of structural quality heating elements can be integrated
into the slab reinforeement and thereby eleminate part or all of the reinforcing

steel. Both the anticipeted range of pipe diameters and spacing of in-pavement

V=40
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heating elements are compatible with the size and spacing of steel rein'fo.rce-‘
ment indicating geometric feasibility of the heﬁting system to serve as rein-
forcement, For a wire fabric continuous reinforced concrete pavement, the
heat pipe might be placed above the fabric. To illustrate some of fhese
aspects consider the steel requirements of a slab 9 inches thick of length

. 40 feet and 12 feet, wide. |

Longitudinal steel must be sufficient to resist the forces of friction |

set up when the slab contracts because of a fall in temperature. The amount
of steel necessary to hold any crack together is calculated by balancing forces
along the horizontal direction. The required cross-sectional area of steel in

square inches per foot of width of pavement is

_ WLF_ 12.5@40)L5 _ .2 _
As =3 fs = 2 (22000) 0.154 in" /ft (V=8)
where w = weight of slab in lbs. per square foot =112, 5 p. s. f.

L length of slab

F = coefficient of subgrade friction (generally used value is 1. 5)

f = working stress in steél (22, 000 psi - AASHO structural
grade with factor of safety of 1. 5)

Using 1/2 inch bars the spacing would be

0.196
0,154

= 1.27 ft = 15,3 inches,

Transverse steel should prevent any longitudinal crack from opening.

A conservative design assumes the slab anchored against lateral movement at

the longitudinal joint 12 feet from the side. Thus, the area of steel needed is

A = wL P _ 112.5 12) (1.5) = 0,046 inz/ft. (V—9)

1 2 - 2 (22000)
fs

V-4l

ClihPD www.fastio.com


http://www.fastio.com/

ClibPD

Assuming 3/8 inch bars, the spacingrls is

_ 0.1

- 0'046=204ﬁ=28.81n@

Heat Pipe Bar Mat - For a basié of comparison consider a heat pipe
bar mat consisting of hollow steel tubes (AASHO structural grade) having 1/4"
OD and 1/ 8".ID with a cross;séctiénél area of 0 0367 square inch. Using the
above required values of area of steel for the longitudinalland transverse

directions, one obtains for the heat pipe spacing

longitudinal spacing = 9—'—9—3—61 = 0,2381it = 2,86 in
0.154
and
transverse spacing = 0.0367 = 0,8ft = 9.6 in.

0.046

The above spacing requiréments are compatible with the thermal require-
ments needed for melting in association with the thermal conductivity of concrete
as well as the depth of concrete cover above the mat. With the mat located 1.5
inches below the slab su;face,‘ the heat pipe system can deliver to the surface

the required thermal power with a longitudinal spacing of 2, 86 inches,

5. Temperature Gradient Effects

Thermal gradients across the slab cause warping stresses. Consider
the above 9-inch thick slab supported on a subgrade with a modulus of 100 pei
and subject to a winter month temperature differential of 3°F per inch of slab. -
For a poisson's ratio of 0,15 and a elastic modulus of 4 x 106 psi, the radius

of relative stiffness is 39.71 inches, With a coeificient of thermal volume
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change of 5 x 1078 in/in” ¥, the warping stress is

Ee At [cl+,;cz

C = 2 1-pé

] = 376 psi (V-10)

where C1 =1,02 and CJ2 = 0,4 and are the Bradbury warping coefficients.

Such warping stresses may be a high percentage of the ultimafie tensile

strength of the concrete and when coupled with wheel loading stresses might

- cause failure of the slab. This combination of warping and load stresses

depends on the position of the extefnally applied loads and the time of day.
During early morning hours, the slab is cooler at the top with the corners
warped upward.. External loads at the corner, at this time of the day, will
result in load siresses that subtract from the warping stresses.

The above t;_'eats a uniforin temperature gradient. It is recommended
that the effects of local temperature gradients including non-~linear variations

be studied with special emphasis on any deterioration of the pavement slabs.

6., Construction Practices

There are a number of construction practices that have important

effects on a deicing system. Care and common sense in construction are

necessary for a successful installation. -

Side forms used in constriuction of concrete pavements act as forms
to hold the conerete in place during the hardening process, provide a straight-
edge to work against in hand-finishing, and they act as raiis to carry the pave-
ment finishing mechanical equipment. Ina péssible conceptual design of a
hea.,ting' system, ithe transporter pipega enter the concretie pavement through

the sides of the slab and run transversely across the slab approximately 1.5
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or 2 inches from the top. .\‘;This meané"that they must pass thru the side
forms near the top with a':spacing ranging from 1 to 2 feet. Some modifi-
cation of side forms would be necessary with p'erhaps a simple latch to
bridge each heat pipe hole. This would require some additional labor for
setup as well as labor and care in removal of side forms.

With the heat pipes entei'ing the side of the concrete pavement and
concrete trucks delivering batches of concrete to the‘paving épreaders or
paving mixers, care is required to prevent distorting the pipe system. In‘
addition, construction of Iiighway shoulders would become somewhat more
difficult because of the care necessary. to prevent damage to the heat pipes
running thru the shoulder areas.

To assist in consolidation of the concrete in the slab forms, some
finishing machinery is eqﬁipped with a tamping bar system as well as vibrating
tubes immersed in the concrete. Care would need to be exercised to insure
that the horizontal heat pipe system located near the slab surface is not
damaged or displaced.

The formation of transverse contraction or expansion joints may be
done using a self-propelled saw with commercial diamond saw blades. Care
must be taken to. insure that the hea-t pipe system is not damaged during this
process.

Drainage systemé such as unéer—drains, side-drains, ditches, filters,
etc., must be planned and constructed so as not to interfere with the heat pipe

system.
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G. Fission Product Capsﬂes

The {ission product encapsulation_mbdel employed as a reference in this study
was provided by the General Electric reprocessing plant at Morris, Ilinois.

The capsule is 13 feet long, 6 inches in ‘diametgz_', having a volume of 2-~cubic
feet, With fission products aged 5 years, the net heat inventory is 1.5 KW per capsule
which corresponds to 5100 BTU. Three year old fission products would have a 5 KW
per capsule activity; héwever, ‘the decay pate is high for fhe newer fuel, It would decay
to 55% in one year. To avoid the need to add more capsules at frequent intervals, the
aged fuel is preferred. Shielded containers for the fuel capsules must be designed to
accept additional capsules, which means sizing the container a&cordingly and incorporat-

ing a means of access to the container.

H. Determination of Electrical Enex_‘gy Costs

1. Rate Stx_'ucture

Rates are considered which are the best available commerciél ratés
for a typical utility company in the Maryland area. There is, at present, no
provision by which highway deicing could 6btain a preferential rate such as is
afforded to street lighting, Tt is likely that, should deicing become prevalent
by electrical means, this matter ivould bé reviewed by the Utilities Commission.
Electricity is sold in two modes, each of which has a different cost
structure. In Mode A, the utility company provides a transformer that supplies
a stepped~-down vbltage- from the high tension transmission line. In Mode B,
the utility company provides high voltage service and the customer proirides
: his own transformer,

r
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In either mode, pt‘)tiver costs have a two-part composition--one related
to the peak power demand; the othér to the integrated pbwer consumption. ";yp-
ical rétes are as follows for the two modes_:.

Mode A

The power company provides power at 480, 380, etc., volts as required.

Demand Cost -~ The demand cost is charged on a.monthly basis, inte-

grating each 1/2 hour.

KW Cost per KW
up to 60 no charge
up to 440 ' | $1.92
over 500 : $1. 80

Utilization Block Costs

KWH_ Cost per KWH
550 ' " 5. 2l¢

2,650 3. 30¢

6,800 ' - 2,25¢

15, 000 1.48¢

75,000 - Lig¢

Note: The above summarizes the first 100, 000 KWH;
the next 175, 000 KWH costs 1. 04¢/KWH.,
Mode B
The power company provides voltage of 4160, 13,000, or 33,000. {(Most
probably 13, 000 volts will be supplied.)
Demand Cost (Monthly Charge)

For 200 KW or less w $340
For the next 1, 800 KW - $1. 69/KW

For Iarger blocks - the rate is progressively reduced.
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Utilization Block Costs

KWH . Cost per KWH
up to 50, 000 . 1.1¢
50,000 to 250, 000 0.98¢
2, Evaluation of Storage Mode

If storage is employed, the peak demand is much lower than for an
on--the-lir;e system, although more total power is needed because of inefficien-
cies of recovery of stored powér. A caleculation was made for a typical instal-
lation model to evaluate relative costs. The storage mode is more expensive
to operate, based on power cosfs alone.

Demand System, No Storage (assumes 5 months deicing)

484 MWH total; 672 KW maximum demand rate.
Mode A
The power éémpany prdvidés transformer and subsfation. Net cost
is 19¢ per square foot of highway.
Mode B
The power company provides high voltage and the customer supplies
transformer. (Cost of transformer not inéluded.) Net cost is 151¢ per square

foot of highway.

Storage System (assumes 50% recovery and 12 months storage)

968 MWH total; 112 KW maximum demand rate,
Mode A
The power company provides transformer and substation. Net cost

is 241¢ per square foot of highway.
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Modé B
The power company provides high voltage and the customer supplies
transformer. (Cost of transformer not included.) Net cost is 20¢ per square

foot of highway.

Ice Sensing Devices

1. Typical Existing Instrumentation

Various devices are applicable to the highway deicing installation,

Some are described below:

Sheet and Ice Detector - This unit is manufactured by Hygrodynamics,

Inc., of Silver Spring, Maryland. It has been applied on the DEW line to detect
icing on towers, antennas, ete,; and it has been used in Washington, D.C., fo
control a heated pedestrian ramp over a highway, Generally, it is mounted on a
pole above ground. It reacts before ice forms when conditions are favorable
(moisture/temperature).

Kar Trol Ice, Snow, and Frost Detector ~ This unit was designed by

Signal Co., Inc., Houston, Texas. This unit activated "Ice-On-Roadway" signs
on an Amarillo overpass. It has a moisture sensing element that mounts flush
with the pavement. The temperature element is buried in the slab surface.

Snow Detector - This unit is produced by Rails Company, manufacturers

of railroad signal and maintenance equipment. It detects snow, freezing rain,
hail, ice, and drifting gnow. The control device actuates gas or electric
heaters; after a preset time cycle, the heaters are deactivated if the snow

conditions have been éliminated.
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Road Research Laboratory System - The Road Research Laboratory

of Great Britain developed an automatic control system, patented May 23, 196l.
The control system is regulated by a moisturé detector and a temperature ther-
mostat, The moisture detector has two electrodes that are embedded in the road
surface. These electrodes measure the insulatioh resistance between them. A
water film causes a drop in resistance and a response from the unit. There is

a separate detector pad equipped with a heater to detect frost or dry snow. Either

is meifed to actuate the moisture detector.

2. Evaluation

In all eases, the present instrumentation is planned to produce an elec-
trical control signal., This signal is suitable for turning systems on or off. In
the case of heat pipes, this type of signal could be utilized to actuate a solenoid
valve; however, this would entail running control wires to each unit aﬁd there-~
fore introduce the need for electrical power in an otherwise non-electrical
system.

Some consideration was given during this study to determine methods
of thermal control, which could be applied to heat pipes, that would be more
in keeping with the passive nature of the system. There are two methods that
appear to offer possibilities for further development. One requires a heat pipe
fluid with characteristics that produce auto-regulation in response to the
temperature of thé roadbed. The other has a defector unit which responds to
the temperature of incipient ice formation on the road and, by mechanical

action, operates a valve inside the heat pipe. It appears that a passive solution
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to the heat pipe icing deteéi:or is feasible. For rllon-heat-pipe systems com-

mercial icing detectors are avaiiable. An objection to these devices was

expressed by the Pennsylvania Highway Department. Their objection was

related to their intended application, which was the control of illuminated

caution signs that would wé.rn the motorist of icing on bridges. There are

many factors that influence the appearance of icing on the roadbed. For

example, the traffic lanes of a four-lane roadway might be clear of ice

because of the mechanicai effects produced by moving vehicles, whereas

the less traveled passing lanes might be covered with ice. Two bridges in

the same vicinity can see esseﬁtially identical conditions as would be detected

by instrumentatioh, whereas only one might have icing at a particular time.

The net result of these idiosyncrasies is that there is very often a discrepancy

between the warning sign and the actual condition. This resulis in a tendency

for the motorist to ignore the warning signs, thus reducing their effectiveness.
The instrumentation problem is different for a deicing system than it

is for warning signal system. The deicing system can overrespond by a certain

amount. The cost of overresponse can be evaluated for the particular installation

and adjusted accordingly.
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